We measure the high-frequency emission of a single Cooper pair transistor (SCPT) in the regime where transport is only due to tunneling of Cooper pairs. This is achieved by coupling on chip the SCPT to a superconductor-insulator-superconductor junction and by measuring the photon assisted tunneling current of quasiparticles across the junction. This technique allows a direct detection of the ac Josephson effect of the SCPT and provides evidence of Landau-Zener transitions for proper gate voltage. The emission in the regime of resonant Cooper pair tunneling is also investigated. It is interpreted in terms of transitions between charge states coupled by the Josephson effect.
We measure the high-frequency emission of a single Cooper pair transistor (SCPT) in the regime where transport is only due to tunneling of Cooper pairs. This is achieved by coupling on chip the SCPT to a superconductor-insulator-superconductor junction and by measuring the photon assisted tunneling current of quasiparticles across the junction. This technique allows a direct detection of the ac Josephson effect of the SCPT and provides evidence of Landau-Zener transitions for proper gate voltage. The emission in the regime of resonant Cooper pair tunneling is also investigated. It is interpreted in terms of transitions between charge states coupled by the Josephson effect. One of the most striking consequence of the macroscopic quantum coherence of the superconducting state is the Josephson effect which takes place when two superconductors are connected via a nonsuperconducting material (insulator or metal). It leads to a supercurrent at zero bias and an ac current when the junction is voltage biased [1, 2] . In this work we investigate experimentally how the ac Josephson emission is modified when the Josephson effect competes with charging effects. To do so, we consider a single Cooper pair transistor (SCPT) constituted by two small junctions separated by a superconducting island, which energy can be tuned by a nearby electrostatic gate [3] . Because of the interplay between Josephson coupling and charging effects the SCPT exhibits peculiar electronic transport properties extensively studied over the past 15 years [3] [4] [5] [6] [7] [8] . However, ac Josephson effect was less investigated. To characterize it, one can irradiate the SCPT with high frequencies (HFs) and observe Shapiro steps, which result from the locking of the superconducting phase dynamics on the frequency of the irradiating signal [2, 8] . However, these steps may be hard to distinguish from other features of the SCPT. We use another technique to measure directly the ac Josephson effect: we couple the SCPT on chip to a HF detector, a superconductor-insulatorsuperconductor (SIS) junction, and measure the photoassisted tunneling (PAT) quasiparticle current due to the emission of the SCPT [9, 10] .
The device probed in this experiment at 90 mK is a SCPT (normal state resistance 48:5 k) coupled capacitively to a small SIS junction (estimated capacitance 1 fF, normal state resistance R T 25 k). Both structures are made in aluminum (superconducting gap 210 eV) and embedded in an on chip environment constituted by resistances (8 Pt wires, R 750 , length 40 m, width 750 nm, thickness 15 nm) and capacitances (estimated value C C 750 fF, size: 23 25 m 2 , insulator: 65 nm of Al 2 O 3 ) designed to provide a good HF coupling between the two devices [ Fig. 1(a) ]. The SIS junction has a SQUID geometry in order to minimize its critical current with a magnetic flux.
We first present transport measurements performed on the SCPT. On Fig. 1(b) the IV B characteristic for low bias voltage of the SCPT at two gate voltages is shown. At both values, the SCPT shows a Josephson branch which extends to finite voltages as commonly seen for SCPT [11] [12] [13] of the SCPT:
with E C e 2 =2C the charging energy (C is the total capacitance of the island), E J the Josephson energy of each junction, the superconducting phase difference between the reservoirs, and jni the state with n electrons on the island. H S describes a superconducting metal by the BCS theory and favors paired electrons on the island [18] , leading to the 2e periodicity, if the superconducting gap is bigger than E C [8] . The transport measurement of the SCPT allows to determine its charging energy (E C 65 eV) and Josephson energy (E J 28 eV).
We now turn to the detection of the ac Josephson effect. We find that this slope is the same for a Josephson junction and for the SCPT at C G V G =e 0, and corresponds to the relation expected from the Josephson relation (dashed line of Fig. 2 ). However, for C G V G =e 1 this slope is divided by a factor 2, as if h J eV B . We attribute this factor 2 to the proximity of ground and first excited states which favors Landau-Zener (LZ) transitions. Indeed for C G V G =e 1 the ground state and the first excited state are nearly degenerate at modulo 2 [ Fig. 2(c) ]. During the phase evolution of the SCPT, the system can there either stay in the ground state [J arrow of Fig. 2(c) ] or go into the excited state (LZ arrow) [19] . If this latter transition always happens, the effective periodicity of the energy-phase relation, and thus current-phase relation, is doubled [8] , leading to the observed doubling of the Josephson period. This requires three conditions: first a high probability for LZ transition [19] , second a relaxation time longer than the period of the Josephson effect, and third a relaxation time shorter than the time needed to equalize the population of the ground and first excited state during the phase evolution. This implies relaxation time of the order of few nanoseconds, in agreement with relaxation induced by the electromagnetic environment [21] . Note that poisoning effect cannot lead to the doubling of the Josephson period close to C G V G =e 1. Without LZ effect, close to C G V G =e 1, one should expect a strongly nonharmonic current-phase relation. In our case, this is hidden by the LZ effect, which restores a sinusoidal current-phase relation. Using a numerical deconvolution method [9] , we extract from the data taken at V B 45 V the voltage power spectrum S V !; V B [ Fig. 2(b) ] across the detector leading to the measured PAT current [ Fig. 2(a) ]. S V !; V B exhibits peaks at the expected frequency. For C G V G =e 1 we find a peak at eV B =h, attributed to the LZ transitions, but also an extension of the spectrum around 2eV B =h. This might be due to incomplete LZ effect. Because of the rather broad IV characteristic of the detector, those spectra have to be taken cautiously at low frequencies and for a precise determination of the width of the Josephson emission. We find a rather large emission width around 8 GHz (corresponding to 30 V), which is consistent with the width of the Josephson branch measured in dc [ Fig. 1(b) ]. This seems to indicate that the electromagnetic environment acts similarly on the dc and ac Josephson effect. To analyze the data, we assume that the area of the Josephson peak is given by the voltage fluctuation induced by the source and thus proportional to Z 2 I 2 C , with Z the transimpedance of the circuit (ratio of the ac voltage at the detector divided by the ac current of the source) and I C the critical current of the source. Z was measured for the same environment [10] . We find that the critical current at C G V G =e 0 is 1.9 nA, compared with the theoretical value 1.45 nA [22] and 6.5 nA at C G V G =e 1, compared with an expected value of 6.8 nA. To conclude this part, our direct detection of the emission of the SCPT demonstrates a gate-dependent ac Josephson effect, not only in amplitude but also in frequency due to Landau-Zener transitions.
Besides the dc Josephson peak, the differential conductance of a SCPT exhibits peaks at finite bias [23, 24] . Hereafter we focus on the region where the source voltage V B of the SCPT is smaller than 2 E C , with only tunneling of Cooper pair (CP). For appropriate values of V B and V G , one observes a sharp increase of the dc current associated to transitions between the CP states of the system leading to peaks of differential conductance @I=@V B [ Fig. 3(a) ]. The bias voltage has two effects on the SCPT emission: it induces an evolution of the superconducting phase and modifies the energy of the charge states. To describe this last effect it is convenient to consider states with n electrons on the island and k electrons having passed through the SCPT, noted jn; ki [8] . The energy of the state jn; ki in the presence of an applied voltage V B is changed by ÿkeV B . It is then possible to draw the diagram of energy levels at different bias voltage for a given gate voltage [ Fig. 3(b) for C G V G =e 0:45] and deduce the expected transitions and resonance. In this formalism, the ac Josephson effect is a transition induced by the Josephson coupling between levels like j0; 0i and j0; 2i. When V B is such that the energy of state j0; 0i is resonant with another state [e.g., in Fig. 3(b) , j2; 3i at V B 48 V (resonance ''3'') or j2; 1i at 145 V (resonance ''1'')] high order Josephson terms lead to an increase of differential conductance @I=@V B [line 1 and 3 on Fig. 3(a) ]. This resonant Cooper pair tunneling (RCPT) is 2e periodic, as expected from the Hamiltonian of the system, except at high voltage (V B > 150 V) where poisoning (i.e., presence of nonpaired electrons on the SCPT) restores an e periodicity.
Since RCPT implies transitions between charge states induced by the Josephson coupling, it may lead to HF emission [25] . To characterize this emission, we perform the same type of measurement as for the ac Josephson effect on a wider range of bias and gate voltage (Fig. 4) . Beside the already mentioned ac Josephson effect (''J'' dashed line) the SCPT emission at a given source voltage presents peaks at certain frequencies leading to features on the PAT current for particular values of detector bias. We relate them to transitions between quantum states of the system. The energies of these transitions are calculated using the formalism presented before. RCPT happens when V B is high enough to allow the tunneling of CP, as illustrated on Fig. 3(b) . When such a tunneling between states jn; ki and jn; k 2qi, involving an intermediate state Measurements of high-frequency emission can also provide information on processes not expected from the RCPT theory. As measured on the differential conductance of the SCPT, poisoning leads to an e periodicity at sufficiently high voltage. We then have to consider the charge states with an odd number of electrons on the island. This is why for C G V G =e 0:8, we have signature of transitions between states j1; 0i and j3; 1i [line 1; 0 ÿ 3; 1] and between j3; 1i and j1; 2i [line 3; 1 ÿ 1; 2]. Another process is the feature A [ Fig. 3(a) ] at V B 205 V. It exhibits a HF emission at 50 GHz (Figure 4 , C G V G =e 0). An explanation for this can be that, due to poisoning at V B 205 V, the energy levels with one quasiparticle can be populated. For C G V G =e 0 the charge state j1i and j ÿ 1i are degenerate and coupled by the Josephson effect. This leads to LZ transitions and HF emission at eV B =h 50 GHz, which is indeed the typical frequency of the feature A. This LZ effect for the poisoned SCPT takes place on a region of width 0.3 around C G V G =e 0.
In conclusion, we have performed a direct detection of the HF emission of a SCPT by coupling it on chip to a SIS detector. This demonstrates an ac Josephson effect which is gate dependent in amplitude but also in frequency, due to Landau-Zener effect. We have also detected the emission in the RCPT regime, and interpreted the observed peaks as signatures of transitions between charge states coupled by the Josephson effect.
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